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Abstract
Humans as well as many animal species reveal their emotional state in their voice. Vocal
features show strikingly similar correlation patterns with emotional states across mamma-
lian species, suggesting that the vocal expression of emotion follows highly conserved sig-
nalling rules. To fully understand the principles of emotional signalling in mammals it is,
however, necessary to also account for any inconsistencies in the way that they are acousti-
cally encoded. Here we investigate whether the expression of emotions differs between call
types produced by the same species. We compare the acoustic structure of two common
piglet calls—the scream (a distress call) and the grunt (a contact call)—across three levels
of arousal in a negative situation. We find that while the central frequency of calls increases
with arousal in both call types, the amplitude and tonal quality (harmonic-to-noise ratio)
show contrasting patterns: as arousal increased, the intensity also increased in screams,
but not in grunts, while the harmonicity increased in screams but decreased in grunts. Our
results suggest that the expression of arousal depends on the function and acoustic speci-
ficity of the call type. The fact that more vocal features varied with arousal in scream calls
than in grunts is consistent with the idea that distress calls have evolved to convey informa-
tion about emotional arousal.
Introduction
Vocalizations have long been considered as a window into emotional states in both humans
and other animals [1]. Indeed, emotion-specific calls can be triggered by the stimulation of
basic emotional brain systems [2], while vocalizations alone can induce appropriate beha-
vioural and physiological responses [3]. Because of their close association with emotional
expression, vocalizations and their specific parameters have received significant scientific
attention as possible indicators of emotional states in animals [4,5]. Recently, a dimensional
approach has been advocated in characterising animal emotional states [6]. The most common
model contains two core affect dimensions: arousal, which quantifies the intensity of the
response, and valence, which quantifies the aversiveness of the situation—ranging from a very
positive (pleasurable) to a very negative (aversive) emotional state. The dimensional approach
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provides a framework in which the signalling of emotional states can be easily compared across
different species.
When animals are exposed to different emotionally loaded situations, the acoustic features
of their calls vary with the assumed emotional valence and/or emotional arousal [4]. Particu-
larly, the pattern of changes of certain vocal features along the arousal gradation is surprisingly
uniform among species (for example both pitch and amplitude increase with arousal), suggest-
ing common underlying mechanisms [4, 5]. This remarkable consistency is likely due to the
fact that the principles of vocal production [7,8] and perception [9,10] are conservative in
mammalian species. Interestingly however, there are some call parameters, such as call dura-
tion or tonality, that do not show such a consistency across animal species [4].
One aspect of emotional signalling which has not yet been considered is that emotional
states may be encoded differently across call types within the repertoire of the same species.
While call types with qualitatively different acoustic structures or functions, such as alarm calls
(e.g. [11]), contact calls (e.g. [12]), or non-situation-specific calls like dog barks [13] or pig
grunts (e.g. [14]) have all been investigated (reviewed by [4,5]), distress calls have received dis-
proportionately greater scrutiny (e.g. [15,16,17]), perhaps because animals vocalize more read-
ily and conspicuously when they experience stress. However, because call types are defined by
overall differences in their acoustic structure, assumed to reflect specific functions [18], varia-
tion in emotional state may be encoded in different ways across call types.
Emotions induce changes in the autonomic nervous system. Changes in emotional arousal
trigger modifications in physiological processes such as respiration, muscle tension and saliva-
tion [19,20]. Because these processes are directly involved in vocal production, acoustic param-
eters that are controlled by these processes should vary consistently with the emotional state of
the signaller independently from the particular call type produced. For instance, emotionally
driven variation in respiratory air flow may similarly modulate the amplitude of vocalisations
across call types. Thus, any call type might reflect the emotional state of the animal indepen-
dently of its function or specific structure [14]. However, few studies have reported how differ-
ent call types may encode the same emotional state in mammals [14,21].
We tested the hypothesis that acoustic parameters within two functionally and structurally
different call types would change in a similar way with increasing emotional arousal in domestic
piglet vocalisations. Piglets emit two basic call types (Fig 1). High frequency calls (screams and
squeals) are mainly given in situations of urgent threat. In contrast low frequency calls (grunts)
are not situation-specific as they are produced across a wide range of non-emergency social situ-
ations as well as urgent distress situations [22]. The signalling function of grunts in distress con-
texts remains unclear, but as social calls it is possible that they could facilitate individual
recognition. Although transitional vocalisations are sometimes produced, screams and grunts
represent well separated call types [22,23]. In addition to their functional differences, the produc-
tion of both calls also differs: grunts are emitted nasally while screams are emitted orally, though
both are assumed to originate from the vocal folds [24]. The structure of scream calls has already
been shown to reflect arousal in piglets (e.g. [16]), while potential associations between grunt call
structure and the emotional state of the signaller remain largely unexplored (but see [14,16]).
In the current study, we directly compare the acoustic structure of piglet screams and grunts
emitted in the same emotional and physiological contexts. To control for potential differences
in emotional state between individuals, we compare scream and grunt calls that were emitted
in immediate succession across three broad levels of arousal, ensuring that the two vocalisa-
tions were produced when the piglet was in an equivalent physiological state. As the purpose of
this study is to demonstrate general principles, rather than to determine specific indicators of
particular emotional states, we focus on a small number of commonly investigated acoustic
parameters: duration, amplitude, central frequency and harmonic-to-noise ratio. In accordance
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with previous research, we expect that both grunts and screams should be longer, more intense,
harsher (lower harmonic-to-noise ratio) and have more energy in higher frequencies with
increasing arousal.
Methods
Ethics statement
The experiment was approved by the Institutional Animal Care and Use Committee of the
Institute of Animal Science and the Czech Central Committee for Protection of Animals, Min-
istry of Agriculture (decision MZe 1244). This study was a part of larger project investigating
the consistency of arousal signalling across different contexts and situations. For this reason,
we recorded piglets in a number of positive and negative natural and experimental situations
with different levels of arousal. The backtest situation (commonly used in pigs to study individ-
ual coping styles [25,26,27]) corresponds to a mildly stressful situation caused by the separation
of the piglet from its litter and being placed in an unnatural position. The stress induced by the
backtest is considered mild and is not prolonged (the whole procedure, including handling,
lasts about 3 minutes). All of the piglets were healthy when they were returned to their home
pen immediately after the test. Piglets were carefully and gently handled and transported in a
straw-bedded crate to reduce stress. No pain relievers were necessary.
Animals
Piglets (Large White × Landrace) were born and kept at the experimental farm of the Institute
of Animal Science, Prague, Czechia. Sows and piglets were housed in 2.3m x 2m straw-bedded,
Fig 1. Typical scream and grunt calls and the course of the backtest session, depicting the calling activity (spectrogram and oscillogram),
struggling presence, and struggling force over 60s of the backtest on a second by second basis.
doi:10.1371/journal.pone.0135414.g001
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concrete floor pens equipped with a ‘walk around’ ellipsoid farrowing crate (2.3 m x1.4 m).
Sows were fed a standard lactation diet twice a day. Water was available ad libitum separately
for the sow and for the piglets. Piglets were weighed and individually marked at day 1 postpar-
tum (body marker). We aimed to test eight piglets per litter. Overall, 12 litters were subjected
to backtest. In 3 litters, we could only test 6, 6, and 4 piglets per litter due to small litter size or
very low weight (< 1.00 kg) leading to 88 piglets with intermediate weights (mean +- sd = 1.84
kg +- 0.44 kg; range: 1.04 kg–2.80 kg) being subjected to backtest. The number of male and
female piglets was balanced (44 males / 44 females).
Each litter was tested within a single pause between nursing episodes starting 5 minutes
after nursing ended. Piglets were tested in a randomized order. Each piglet was gently removed
from the litter and transported (c.a. 30 s) in a straw-bedded basket to a separate testing room
where the backtest was performed. In general, piglets remained calm and silent during pen
removal and transportation. The whole procedure took about 3 minutes.
Backtest
We used the backtest as a model situation, which is commonly used in pigs to study individual
coping styles. For the purpose of this study, we were not interested in coping styles of piglets
but instead focused on behaviour of the piglets during the backtest. We adapted the procedure
from Hessing et al. [27] and Ruis et al. [26]. The piglet was gently put on its back on a digital
scale and kept in this position for 60 s by placing one hand over the piglet’s thorax and holding
its right foreleg with the other hand. The hind legs remained free to move. The smallest force
possible was used to keep the piglet in the supine position to ensure that the weight readings on
the scale matched the struggling force of the piglet as closely as possible. One person (PL) per-
formed all of the testing. Although the scale readings are only approximations of the struggling
force, they allowed us to unambiguously differentiate periods of more versus less intense strug-
gling. We recorded the number, latency and duration of struggling periods. One struggle was
defined as a continuous series of wriggles. Subsequent struggles had to be separated at least by
1 s of rest to be treated as two separate struggles. The whole procedure was videotaped. We
noted whether the piglet was struggling or not on a second-by-second basis. We also identified
the moment when the piglet was struggling with the maximum intensity (as the absolute maxi-
mum weight on the scale).
Three levels of arousal
Previous studies have used different approaches to induce and assess emotional arousal in ani-
mals, including, for instance, presenting more and less dangerous predators, avoidance / pref-
erence for the situation, administration of psychoactive drugs, as well as using the intensity of
the behavioural and physiological response to situation or stimulus [4,5]. In the present study,
we use the struggling of piglets as a behavioural indicator of their emotional arousal. The backt-
est represents a negatively-valenced, stressful situation leading to an increase in cortisol levels
in piglets [28]. Piglet's struggling to escape can be viewed as a behaviour activated by the pun-
ishment avoidance system [6]. The responses of piglets to the backtest vary from tonic immo-
bility, lying still but alerted, to fierce struggling. These levels correspond well with the
description of arousal by Russel [29]: “The vertical dimension, arousal, ranges from sleep, then
drowsiness, through various stages of alertness to frenetic excitement. The feeling is one’s sense
of mobilization and energy.” Although we use only behavioural indicators of arousal, it is very
likely that the frequently used physiological indicators of arousal such as heart rate and respira-
tion rate (see e.g. [30]) would reflect struggling intensity as well. We therefore consider strug-
gling as a good indicator of arousal in the backtest situation.
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For each piglet, we identified three broad arousal levels during the backtest based on qualita-
tive and quantitative behavioural indicators. The backtest situation is assumed to be experi-
enced as negative and unpleasant, yet not painful, by piglets. The behaviour of piglets during
the test varied markedly from lying still (= no or little muscle activation) to intense struggling,
indicating a progressive activation of the punishment avoidance system [6]. We identified
three distinct arousal levels: 1) Low arousal level (LOW): the piglet lies still on the scale without
struggling, the piglet resists the situation passively; 2) medium arousal level (MEDIUM): the
piglet shows active resistance and struggles to escape with the low to very high resistance force
(we took the weight necessary to keep piglet in a supine position as a proxy for the resistance
intensity); 3) maximum situation arousal level (MAXIMUM): the piglet shows the most inten-
sive active resistance whilst struggling (maximum weight necessary to keep piglet in a supine
position during the backtest).
Audio recording and analyses
A directional microphone (Sennheiser ME66, flat response 40–20000 Hz, maximum sound
pressure level = 128 dB SPL) equipped with a foam windshield was placed 1.5m above the pig-
let during the trial. Vocalizations were recorded on a digital solid state recorder Marantz
PMD671 into a 24-bit, 48 000 Hz, mono, PCM (wav) format. The recording volume gain was
kept constant over the recordings. To measure the sound pressure level, the recordings were
calibrated with a reference beep sound whose sound level was measured at the microphone
with also-Tech SLM-1352A Sound level meter (fast, A-weighting). Piglets were able to move
their heads freely, therefore the head was not always directly pointing in the direction of the
microphone, which could have affected the measurements of the sound pressure level. Never-
theless, head movements occurred in all stages of test and hence this variation was unlikely to
cause any systematic bias in our results. Recordings were analysed in Avisoft SAS Lab Pro [31].
All calls were identified automatically in the first stage (-15 to -20dB thresholds for call onset
and offset depending on the recording). Annotated recordings were then reviewed manually
and any misclassifications were corrected (c. a. 1–5%; non-detected calls, partly detected calls–
incorrect onsets or offsets, merged calls, etc.).
We selected 6 calls per piglet: 3 scream calls (high frequency calls) and 3 grunt calls (low fre-
quency calls), with one call per arousal level for each call type (Fig 1). We used the peak fre-
quency as a criterion to classify the call as a grunt or a scream in accordance with previous
studies [23]. Because the distribution of peak frequency values was clearly bi-modal, calls with
a peak frequency above 1000 Hz were classified as screams, whilst the remaining calls were
classified as grunts. Scream calls were always selected first for each arousal level. The MAXI-
MUM scream call was the call emitted in the time of the most intensive struggling resistance
+/- one call. The MAXIMUM grunt call was the call immediately neighbouring the MAXI-
MUM scream or a grunt call produced a maximum of 1s from onset or offset of the scream.
Because the MEDIUM arousal level lasted a considerable amount of time and there were typi-
cally many MEDIUM scream calls within a trial, we selected one scream at random and paired
it with a MEDIUM grunt within 2 s from the MEDIUM scream call. The same selection
approach was used in the case of the LOW scream and grunt calls. As a result of this selection
process we obtained three pairs of scream and grunt calls per piglet. We did not analyse more
than one call from each arousal level as the behaviour of the pigs varied rapidly during the test,
for example, the intensity of struggling changed very quickly in the MEDIUM arousal level,
whilst calls in LOW arousal level were influenced by their temporal proximity to struggling
bouts. Therefore, comparisons based on averages would not suit the purpose of our study.
Within each scream/grunt pair we could be sure that the two calls were emitted in a very
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similar physiological (heart rate, respiration rate, muscle tension, etc.) and emotional / motiva-
tional state without the need to measure the physiological and emotional state of the piglets
directly. Finally, we had a full set of 6 calls for 30 piglets, providing 180 analyzed calls in total
for the main analysis. For the rest of the piglets we were not able to get a complete set of grunts
and screams from each arousal level.
We decided to focus our analyses on 4 acoustic parameters of the calls: duration (s); root-
mean-square sound intensity (dB SPL); central frequency (Hz; frequency dividing the average
spectrum of the call in two parts of equal energy; 50% quartile frequency in Avisoft SASLab—
used as the spectrum distribution characteristic), and tonality (dB, harmonic-to-noise ratio).
These four parameters comprise some of the most studied vocal parameters and have previ-
ously been linked to specific physiological changes [4]. We did not evaluate the fundamental
frequency (F0) because it was problematic to obtain the F0 for a large amount of the calls
(because they were too noisy and/or short) and we wanted to focus only on those parameters
that would be easily comparable between the scream and grunt call types.
The duration, root-mean-square amplitude and central frequency were measured automati-
cally in the detected calls with the ‘Automatic parameter measurement’ tool in Avisoft SASLab.
The spectrogram settings were: FFT length = 1024, window length = 0.046 s, window
type = Hamming. The sound intensity was calibrated with a beep of known intensity (see
above) at the beginning of the recording by using the function ‘Calibration / SPL with reference
sound’ in Avisoft SASLab. The harmonic-to-noise ratio was measured in PRAAT [32] using
the ‘To Harmonicity (cc)’ function with the standard settings (Time step: 0.01 s; Minimum
pitch: 75 Hz; Silence threshold: 0.1; Periods per window: 1.0). This function computes acoustic
periodicity on the basis of a cross-correlation method independently of whether a pitch can be
determined [33].
Besides the analyses of acoustic call structure, we were also interested in how piglets vocalize
when they were struggling versus when they were still. Because the duration of each beha-
vioural response differed per piglet, we computed the calling rates (grunts/s; screams/s) in each
stage (still / struggling) separately.
Statistical analyses
Statistical analyses were carried out in R. Wilcoxon signed-rank tests were used to determine
whether calling rates increased between the struggling and still stages of the backtest. For the
main analysis we used calls from 30 piglets for whom we had complete sample of calls (grunts
and screams from all three levels of arousal, see also ‘Audio recording and analyses’). We used
linear mixed-effect models (‘lme’ function from ‘nlme’ package) to assess the effect of the
arousal level on each of the vocal parameters separately (arousal level as fixed factor with three
levels: LOW, MEDIUM, and MAXIMUM). The central frequency and duration were first log
transformed due to non-normality. We also included an interaction term between call type and
arousal level to establish whether any of the acoustic parameters respond differently to changes
in arousal depending on the call type. We also added the fixed effects of testing order, piglet
sex, and piglet weight to control for their potential influence on the call structure. The test
order was included as a covariate because it provided an indication of time after milk intake
(we started testing each litter 5 minutes after nursing and the testing of each piglet took about 3
minutes) which could affect the emotional state of piglets [15]. Litter and piglet identity were
included as random factors (piglet nested within litter). We used a backwards stepwise method
to remove non-significant fixed variables from the models until only significant effects
remained. Testing order, piglet sex, and piglet weight were never significant, therefore we
report only the models including the fixed effects of arousal level and call type. We checked
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that the distribution of residuals was approximately normal and did not systematically vary
across the fitted values (with constant variance and no trends). There were minor issues with
the residual variance in the case of central frequency, suggesting larger variance in the scream
calls than in grunt calls. We therefore used the ‘weights’ argument of the ‘lme’ function that
enables the heteroscedasticity of the within-error group to be modelled (i.e. allows different
variances for each factor level) [34]. We used the ‘ghlt’ function from ‘multcomp’ to perform
post-hoc tests within the final linear mixed models.
Results
Behaviour of the piglets during the backtest
The behaviour of the piglets is summarized in Table 1. Piglets started to struggle from the start
of the backtest (latency to struggle was 4.3 s on average), performed around 3 bouts of strug-
gling during the test (2.7 bouts of struggling on average), and struggled for almost half of the
time (25.0 s on average). Piglets also vocalized intensively. On average, piglets emitted
mean ± SD = 50.3 ± 21.6 calls during the backtest; taking each call type separately, there were
slightly more grunts (29.8 on average) than screams, but the number of screams was also high
(20.5 on average).
The calling rate was higher when the piglets were struggling for both screams (Wilcoxon
signed rank test: N = 87, Z = -8.03, r = -0.61, p< 0.001) and grunts (Wilcoxon signed rank test:
N = 88, Z = -4.69, r = -0.35, p< 0.001).
Arousal and call parameters
Screams differed from grunts in all of the investigated acoustic parameters (all p< 0.001, see
the effect of calls type in Table 2 for details). The arousal level significantly affected the inten-
sity and central frequency of the calls. With increasing arousal, calls became louder and higher.
However, all of the acoustic parameters were also influenced by the interaction between call
type and arousal level, suggesting that the two call types responded differently to changing
arousal levels (see Fig 2), which was confirmed by post-hoc tests (S1 Table).
The call duration did not significantly differ between the arousal levels for either of the two
call types (S1 Table, all p> 0.19). The significant arousal call type interaction thus probably
Table 1. Descriptive statistics for piglet behaviour during the backtest.
all piglets (n = 88) piglets in analysis (n = 30)
mean sd mean sd
struggles (n) 2.71 1.15 2.9 1.12
struggling duration (s) 24.88 12.58 23.07 11.7
latency to struggle (s) 4.3 9.2 3.1 4.3
piglet weight (g) 1830 450 1870 430
maximum resistance force (maximum weight / piglet weight) 1.46 0.16 1.47 0.18
vocalizations (n) 50.3 21.6 56.7 20.1
screams (n) 20.5 18.6 21.9 16.8
grunts (n) 29.8 15.1 34.8 12.9
screams / s—relaxed 0.10 0.17 0.09 0.12
screams / s–struggling 0.67 0.43 0.76 0.32
grunts / s–relaxed 0.35 0.29 0.51 0.32
grunts / s struggling 0.81 0.61 0.78 0.45
doi:10.1371/journal.pone.0135414.t001
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arose from the slight, non-significant extension of the screams and shortening of the grunts
with increasing arousal.
The intensity increased with arousal only in the scream calls (S1 Table, for grunt calls all
p> 0.18); LOW screams were less intense than either MEDIUM (z = -6.43, p< 0.001) or
MAXIMUM screams (z = -7.73, p< 0.001).
The central frequency increased in both the scream and grunt calls (S1 Table). In screams,
the LOW arousal level differed only from the MAXIMUM arousal level (z = -3.64, p = 0.002),
while in grunts the LOW arousal level differed from both the MEDIUM (z = -3.85, p< 0.001)
and MAXIMUM arousal levels (z = -4.53, p< 0.001). The central frequency increased much
more in the grunt calls than in the scream calls.
The harmonic-to-noise ratio increased with arousal in the scream calls (S1 Table). LOW
arousal screams were less harmonic than MAXIMUM arousal screams (z = -3.02, p = 0.020).
In contrast, the harmonicity of the grunts decreased with arousal, as both MEDIUM (z = 4.64,
p< 0.001) and MAXIMUM (z = 4.10, p<0.001) grunts were less harmonic than the LOW
arousal grunts.
Discussion
In this study, we tested whether the acoustic structure of piglet distress calls and contact calls
encoded cues to emotional arousal, and how specific acoustic features signal the level of arousal
across the two call types. We found that piglets increase the grunt and scream rate when
aroused (i.e. struggling during backtest). Increased calling rate has been often found to be asso-
ciated with increased arousal [4]. Further, we found that the acoustic structure of both screams
(distress calls) and grunts (contact calls) does vary with arousal. This is in agreement with pre-
vious studies of pig vocalizations [14,16] and, more generally, with theoretical and experimen-
tal studies showing how emotional state affects the physiology of an organism, which is in turn
reflected in its vocalizations [1,7,20]. Such physiological changes are assumed to affect the pro-
duction of all types of vocalizations, as documented by the wide range of contexts in which
calls have been found to reflect emotional state [4,5]. Indeed, signalling situation urgency pre-
cedes the contextual specificity of calls [35].
Although the emotional state was signalled in both call types, we found that arousal was
encoded differently in screams and grunts. The effect of situational arousal on the acoustic
structure of two call types or more have previously been studied, but call parameters were
Table 2. Effects of call type (scream / grunt), arousal level (LOW / MEDIUM / MAXIMUM) and their interaction on the four acoustic parameters.
Variable effect df F p
Duration (log) call type 1, 145 99.18 < 0.001
arousal 2, 145 0.95 0.389
call type * arousal 2, 145 3.29 0.040
Root-mean-square amplitude call type 1, 145 100.00 < 0.001
arousal 2, 145 28.18 < 0.001
call type *arousal 2, 145 8.82 < 0.001
Central frequency (log) call type 1, 145 772.67 < 0.001
arousal 2, 145 13.27 < 0.001
call type *arousal 2, 145 5.29 0.006
Harmonic-to-noise ratio call type 1, 145 13.29 < 0.001
arousal 2, 145 2.04 0.134
call type *arousal 2, 145 15.48 < 0.001
doi:10.1371/journal.pone.0135414.t002
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averaged either from a subset of calls [36] or from all of the calls [14] within the same experi-
ment without considering the actual physiological state in which the calls were emitted. Our
study is the first to directly compare how emotional state is encoded in two different call types
under the same conditions. The physiological conditions on the vocal folds (e.g. tension, sub-
glottal pressure, etc.) and in the vocal tract (e.g. salivation) are likely the proximate factors
affecting expression of emotions in vocalizations [4,8,20]. However, they are difficult to control
and measure in live animals. The advantage of our study was that we analysed screams and
grunts emitted in close succession (within 2 seconds) in each situation. The fact each scream
and grunt pair was emitted in close succession allows us to confidently assume that the emo-
tional and physiological state was comparable for both call types.
We found significant interactions between arousal level and call type for all of the four
acoustic parameters. These results indicate that the function and/or structure of call types
affects the acoustical encoding of emotions. Such effects could explain why studies investigat-
ing vocal correlates of emotions in animals vocalisations [4,5] as well as in human speech or
vocalisations [37] have found different and sometimes contradicting results. Piglet grunts are
Fig 2. Scream (empty circles) and grunt (full circles) parameters in the three arousal levels.Means and 95% confidence intervals are shown. Duration
and central frequency are displayed in logarithmic scale. N = 180 (6 calls from 30 individuals).
doi:10.1371/journal.pone.0135414.g002
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contact calls with an acoustic structure suitable for short-range communication (e.g. short
duration and low intensity), while screams are distress calls 'designed' to be heard (with e.g. a
long duration and high intensity). We suggest that constraints linked to the production of
these two call types [24] cause the observed differences in the encoding of emotions.
Neither the duration of the screams nor the duration of the grunts was significantly affected
by arousal. Despite the fact that the relationship between call duration and arousal has received
much scrutiny, the results have been contradictory: increasing arousal has been found to be
associated with either an increase, a decrease, or no change in call duration [4,5]. Increased call
duration helps detection and localization[38], and conflicting results are particularly reported
in alarm and isolation contexts [5] when facilitating localization may not always be beneficial
and might, for instance, attract unwanted attention from predators. Hence, the context of call
emission and whether the call is designed to be easily detected or not could constrain the way
that emotional arousal is expressed in call duration.
Both screams and grunts increased in central frequency with increasing arousal. This is in
accordance with the general trend observed across mammalian species that call pitch increases
with arousal [4,5]. Two aspects of vocal production are likely to affect the pitch of screams and
grunts. First, heightened activity when the piglets were struggling to escape (MEDIUM and
MAXIMUM arousal levels) is likely to result in increased muscle tension, breathing rate and
breathing amplitude, leading to an increase in the subglottal pressure and higher F0, which
can, in turn, influence the energy spectrum including the central frequency. Second, the need
for an increased air supply during struggling may result in more frequent and greater mouth
opening, thereby raising the formant frequencies [7,20]. We suggest that differences in the pro-
duction of screams and grunts could explain why the rate of increase is higher for grunts. Loud
calls such as screams are typically emitted orally with an open mouth [24]. Although grunts are
typically emitted nasally with a closed mouth in states of low arousal [24], our piglets fre-
quently opened the mouth whilst producing grunts in high levels of arousal, thus considerably
shortening the length of the vocal tract and modifying its resonance properties[24].
High activity connected with intense breathing during struggling (MEDIUM and HIGH
arousal levels), causes higher subglottal pressure [7,20], and should lead to an increase in the
amplitude of both call types. Increasing call amplitude with arousal has been found across a
wide range of species and contexts [4]. However, the amplitude increased significantly only for
screams, while the amplitude of the grunts was not affected by arousal. This may be a conse-
quence of the fact that grunts are relatively faint vocalizations used in close range communica-
tion, and that because grunts are typically produced nasally, this does not allow for a
substantial increase in amplitude. Another contributing factor could be that nasal cavities
absorb more acoustic energy than oral cavities [24]. More work on the mechanisms of vocal
production in pigs is clearly needed to confirm or refute these speculations.
We also found that the harmonic-to-noise ratio showed opposite changes for screams and
for grunts–it increased with arousal in screams while it decreased in grunts. Previous labora-
tory studies have described transitions to chaotic vibration regimes with increasing subglottal
pressure [39,40]. However, this does not seem to happen with piglet screams. In our study, the
harmonicity of the scream calls actually increased (i.e. chaotic vibrations decreased) with
arousal, as previously observed in screams emitted in the extremely painful situation of una-
nesthetised castration [16]. Increased tonality in calls given in more urgent situations has also
been documented in other mammal species [11]. It is possible that certain call types, including
piglet screams, need substantial air flow before they attain optimum phonation. It has indeed
been suggested that, in humans, increased jitter (= lower voice tonality) could be associated
with both hypotension and hypertension of the vocal folds [20].
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The acoustic structure changed more profoundly in the scream calls (affecting three out of
four measured parameters). Scream calls can be viewed as distress calls because they are mostly
emitted in contexts of immediate danger [22]. It is possible that the acoustic structure of dis-
tress calls is particularly adapted to either honestly reflect the state and need of the piglet
[15,41] or to elicit an appropriate response from receivers [42]. The similar structure of infant
distress calls observed in many species [43,44], conforming to the 'motivational-structural
rules’ proposed by Morton and followers [18,45] may reflect these adaptation pressures.
In conclusion, our study documents that relationship between emotions and expression of
emotions through vocalizations is rather complex. We suggest that besides taxa-specific pat-
terns of emotional prosody [46], constraints linked to the specific structure and function of call
types could explain some discrepant results reported on the acoustic expression of emotions.
Our study provides additional evidence supporting the idea that emotions and associated phys-
iological changes affect vocalization features. However, the way emotions are encoded depends
on the specific type of vocalization, probably reflecting constraints exerted by its production
and its function. Distinguishing the relative contribution of structure vs. function (though both
may be inter-connected as well) to limiting or promoting emotional expression in vocalizations
will require comparative studies of call types differing in function but with a similar structure
and vice versa.
Supporting Information
S1 File. Dataset for the analysis of effects of call type (scream / grunt), arousal level (LOW /
MEDIUM / MAXIMUM) and their interaction on the four acoustic parameters.
(CSV)
S1 Table. Results of posthoc tests for comparisons of screams and grunts in three levels of
arousal (n = 30 individuals).
(DOCX)
Acknowledgments
We would like to thank to two anonymous reviewers for their useful comments and
suggestions.
Author Contributions
Conceived and designed the experiments: PL MS. Performed the experiments: PL. Analyzed
the data: PL VFR. Contributed reagents/materials/analysis tools: MS DR. Wrote the paper: PL
VFR DRMS.
References
1. Darwin C. The expression of the emotions in man and animals. London: John Murray; 1872.
2. Panksepp J. The basic emotional circuits of mammalian brains: do animals have affective lives? Neu-
rosci Biobehav Rev. 2011; 35: 1791–1804. doi: 10.1016/j.neubiorev.2011.08.003 PMID: 21872619
3. Mateo JM. Alarm calls elicit predator-specific physiological responses. Biol Lett. 2010; 6: 623–625. doi:
10.1098/rsbl.2010.0118 PMID: 20236965
4. Briefer EF. Vocal expression of emotions in mammals: mechanisms of production and evidence. J
Zool. 2012; 288: 1–20. doi: 10.1111/j.1469-7998.2012.00920.x
5. Zimmermann E, Leliveld L, Schehka S. Toward the evolutionary roots of affective prosody in human
acoustic communication: a comparative approach to mammalian voices. In: Altenmüller E, Schmidt S,
Zimmermann E, editors. The evolution of emotional communication: from sounds in nonhumanmam-
mals to speech and music in man. Oxford University Press; 2013.
Expression of Emotional Arousal in Two Different Piglet Call Types
PLOS ONE | DOI:10.1371/journal.pone.0135414 August 14, 2015 11 / 13
6. Mendl M, Burman OHP, Paul ES. An integrative and functional framework for the study of animal emo-
tion and mood. Proc R Soc B Biol Sci. 2010; 277: 2895–2904; doi: 10.1098/rspb.2010.0303
7. Titze IR. Principles of Voice Production. National Center for Voice and Speech; 2000.
8. Taylor AM, Reby D. The contribution of source–filter theory to mammal vocal communication research.
J Zool. 2010; 280: 221–236. doi: 10.1111/j.1469-7998.2009.00661.x
9. Faragó T, Andics A, Devecseri V, Kis A, Gácsi M, Miklósi Á. Humans rely on the same rules to assess
emotional valence and intensity in conspecific and dog vocalizations. Biol Lett. 2014; 10: 20130926.
doi: 10.1098/rsbl.2013.0926 PMID: 24402716
10. Maruščáková IL, Linhart P, Ratcliffe VF, Tallet C, Reby D, Špinka M. Humans (Homo sapiens) judge
the emotional content of piglet (Sus scrofa domestica) calls based on simple acoustic parameters, not
personality, empathy, nor attitude toward animals. J Comp Psychol. 2015; 129: 121–131. doi: 10.1037/
a0038870 PMID: 25798794
11. Blumstein DT, Chi YY. Scared and Less Noisy: Glucocorticoids are associated with alarm call entropy.
Biol Lett. 2012; 8: 189–192. doi: 10.1098/rsbl.2011.0832 PMID: 21976625
12. Esch HC, Sayigh LS, Blum JE, Wells RS. Whistles as potential indicators of stress in bottlenose dol-
phins (Tursiops truncatus). J Mammal. 2009; 90: 638–650. doi: 10.1644/08-MAMM-A-069R.1
13. Yin S, McCowan B. Barking in domestic dogs: context specificity and individual identification. Anim
Behav. 2004; 68: 343–355. doi: 10.1016/j.anbehav.2003.07.016
14. Schrader L, Todt D. Vocal quality is correlated with levels of stress hormones in domestic pigs. Ethol-
ogy. 1998; 104: 859–876.
15. Weary DM, Fraser D. Calling by domestic piglets: reliable signals of need? Anim Behav. 1995; 50:
1047–1055. doi: 10.1016/0003-3472(95)80105-7
16. Puppe B, Schon P, Tuchscherer A, Manteuffel G. Castration-induced vocalisation in domestic piglets,
Sus scrofa: Complex and specific alterations of the vocal quality. Appl Anim Behav Sci. 2005; 95: 67–
78. doi: 10.1016/j.applanim.2005.05.001
17. Stoeger AS, Charlton BD, Kratochvil H, Fitch WT. Vocal cues indicate level of arousal in infant African
elephant roars. J Acoust Soc Am. 2011; 130: 1700–1710. doi: 10.1121/1.3605538 PMID: 21895107
18. Morton ES. On the occurrence and significance of motivation-structural rules in some bird and mammal
sounds. Am Nat. 1977; 111: 855–869. doi: 10.1086/283219
19. Rohleder N, Wolf JM, Maldonado EF, Kirschbaum C. The psychosocial stress-induced increase in sali-
vary alpha-amylase is independent of saliva flow rate. Psychophysiology. 2006; 43: 645–652. doi: 10.
1111/j.1469-8986.2006.00457.x PMID: 17076822
20. Scherer KR. Vocal affect expression: A review and a model for future research. Psychol Bull. 1986; 99:
143–165. doi: 10.1037/0033-2909.99.2.143 PMID: 3515381
21. Manser MB. The acoustic structure of suricates’ alarm calls varies with predator type and the level of
response urgency. Proc R Soc Lond B Biol Sci. 2001; 268: 2315–2324. doi: 10.1098/rspb.2001.1773
22. Tallet C, Linhart P, Policht R, Hammerschmidt K, Šimeček P, Kratinová P, et al. Encoding of situations
in the vocal repertoire of piglets (Sus scrofa): a comparison of discrete and graded classifications.
PLoS ONE. 2013; 8: e71841. doi: 10.1371/journal.pone.0071841 PMID: 23967251
23. Weary DM, Braithwaite LA, Fraser D. Vocal response to pain in piglets. Appl Anim Behav Sci. 1998; 56:
161–172. doi: 10.1016/S0168-1591(97)00092-0
24. Fitch WT. The phonetic potential of nonhuman vocal tracts: comparative cineradiographic observations
of vocalizing animals. Phonetica. 2000; 57: 205–218. doi:28474 PMID: 10992141
25. Reimert I, Rodenburg TB, UrsinusWW, Kemp B, Bolhuis JE. Selection based on indirect genetic
effects for growth, environmental enrichment and coping style affect the immune status of pigs. PLoS
ONE. 2014; 9: e108700. doi: 10.1371/journal.pone.0108700 PMID: 25275507
26. Ruis MA, te Brake JH, van de Burgwal JA, de Jong IC, Blokhuis HJ, Koolhaas JM. Personalities in
female domesticated pigs: behavioural and physiological indications. Appl Anim Behav Sci. 2000; 66:
31–47. doi: 10.1016/S0168-1591(99)00070-2
27. Hessing MJC, Hagelsø AM, van Beek JAM, Wiepkema RP, Schouten WGP, Krukow R. Individual
behavioural characteristics in pigs. Appl Anim Behav Sci. 1993; 37: 285–295. doi: 10.1016/0168-1591
(93)90118-9
28. Geverink NA, Schouten WGP, Gort G, Wiegant VM. Individual differences in behavioral and physiologi-
cal responses to restraint stress in pigs. Physiol Behav. 2002; 77: 451–457. doi: 10.1016/S0031-9384
(02)00877-6 PMID: 12419422
29. Russell JA. Core affect and the psychological construction of emotion. Psychol Rev. 2003; 110: 145–
172. PMID: 12529060
Expression of Emotional Arousal in Two Different Piglet Call Types
PLOS ONE | DOI:10.1371/journal.pone.0135414 August 14, 2015 12 / 13
30. Briefer EF, Tettamanti F, McElligott AG. Emotions in goats: mapping physiological, behavioural and
vocal profiles. Anim Behav. 2015; 99: 131–143. doi: 10.1016/j.anbehav.2014.11.002
31. Specht R. Avisoft SASLab Pro, version 5.2.07. Berlin; 2013. Available: www.avisoft.com
32. Boersma P, Weenink D. PRAAT: Doing phonetcis by computer, version 5.3.48, retrieved 1 May 2013.
2013. Available: http://www.praat.org/
33. Boersma P. Accurate short-term analysis of the fundamental frequency and the harmonics-to-noise
ratio of a sampled sound. Proc Inst Phon Sci. 1993; 17: 97–110.
34. Pinheiro J, Bates D. Mixed-effects models in S and S-PLUS. Softcover reprint of the original 1st ed.
New York: Springer; 2013.
35. Hollén LI, Manser MB. Motivation before meaning: motivational information encoded in meerkat alarm
calls develops earlier than referential information. Am Nat. 2007; 169: 758–767. doi: 10.1086/516719
PMID: 17479462
36. Fichtel C, Hammerschmidt K, Jürgens U. On the vocal expression of emotion. A multi-parametric analy-
sis of different states of aversion in the squirrel monkey. Behaviour. 2001; 138: 97–116.
37. Sauter D, Eisner F, Calder AJ, Scott SK. Perceptual cues in nonverbal vocal expressions of emotion. Q
J Exp Psychol. 2010; 63: 2251–2272.
38. BrummH, Voss K, Kollmer I, Todt D. Acoustic communication in noise: regulation of call characteristics
in a NewWorld monkey. J Exp Biol. 2004; 207: 443–448. doi: 10.1242/jeb.00768 PMID: 14691092
39. Berry DA, Herzel H, Titze IR, Story BH. Bifurcations in excised larynx experiments. J Voice. 1996; 10:
129–138. doi: 10.1016/S0892-1997(96)80039-7 PMID: 8734387
40. Tokuda IT, Horácek J, Svec JG, Herzel H. Bifurcations and chaos in register transitions of excised lar-
ynx experiments. ChaosWoodbury N. 2008; 18: 013102. doi: 10.1063/1.2825295
41. Illmann G, Hammerschmidt K, Špinka M, Tallet C. Calling by domestic piglets during simulated crush-
ing and isolation: a signal of need? PLoS ONE. 2013; 8: e83529. doi: 10.1371/journal.pone.0083529
PMID: 24349527
42. Owings DH, Morton ES. Animal vocal communication: a new approach. Cambridge: Cambridge Uni-
versity Press; 2006.
43. Lingle S, Wyman MT, Kotrba R, Teichroeb LJ, Romanow CA. What makes a cry a cry? A review of
infant distress vocalizations. Curr Zool. 2012; 58: 698–726.
44. Lingle S, Riede T. Deer mothers are sensitive to infant distress vocalizations of diverse mammalian
species. Am Nat. 2014; 184: 510–522. doi: 10.1086/677677 PMID: 25226186
45. August PV, Anderson JGT. Mammal sounds and motivation-structural rules: a test of the hypothesis. J
Mammal. 1987; 68: 1–9.
46. Altenmüller E, Schmidt S, Zimmermann E. A cross-taxa concept of emotion in acoustic communication:
An ethological perspective. In: Altenmüller E, Schmidt S, Zimmermann E, editors. The evolution of emo-
tional communication: from sounds in nonhuman mammals to speech and music in man. Oxford Uni-
versity Press; 2013.
Expression of Emotional Arousal in Two Different Piglet Call Types
PLOS ONE | DOI:10.1371/journal.pone.0135414 August 14, 2015 13 / 13
